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Abstract 


Polarization  experiments  diow  that  monolayers  of  zinc,  bismutfi  and  lead  in¬ 
hibit  effectively  die  hydrogen  evolution  reaction  and  hydrogen  penetration  throng 
biconel-718.  The  observed  inhibiticni  effects  are  due  to  the  kinetic  limitations  of  the 
hydn^en  discharge  reaction  and  suppression  of  hydrogen  absorption  on  die  deposited 
monolayers.  The  measured  hydrc^en  penetration  into  a  Inconel-718  membrane  as 
determined  by  the  Devanathan  -  Stachurski  bipolar  electrode  technique,  is  suj^ressed 
due  to  the  lower  binding  energy  of  hydrogen  adatoms  on  lead,  bismudi  and  zinc  adsor¬ 
bates.  It  is  shown  that  the  best  inhibiton  of  the  hydrogen  permeation  rate  through  an 
Inconel-718  membrane  is  obtained  by  a  potentiostatically  deposited  bismudi  mono- 
layer  which  reduces  the  steady  state  hydrogen  flux  by  76%. 

Introduction 


High  strength  alloys  are  required  to  meet  inqiroved  levels  of  corrosion  resistance 
in  naval  ^iplications.  Their  {vactical  use  is  limited  by  cracking  hazards  due  to 
hydrogen  penetration  and  hydrogen  accumul^on  in  the  bulk  of  diese  alloys  vl-2).  The 
irreversible  accumulation  of  hydrogen  in  die  bulk  of  the  alloy  leads  to  deterioration  of 
its  mechanical  properties  (2-7).  Also  in  the  inesence  of  absorbed  hydrogen,  changes 
occur  in  both  die  lattice  structure  and  the  diemical  conqiosition  of  the  alloy  (8). 


Pound  (9)  studied  using  electrochemical  mediods  the  hydrogen  ingress  in  high- 
strength  alloys  (AISI 4340  steel.  Monel  KSOO,  and  MP35N).  The  difiusion/tr^iping 
model  for  hydrogen  ingress  was  shown  to  be  applicable  to  the  steel  and  Ni  based 
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alloys.  The  rate  of  ingress  in  all  diiee  alloys  was  ccmtrolled  by  the  flux  across  the 
interface.  Pound  (10)  using  a  potentiostatic  pulse  tedmique,  also  studied  die  ingress 
of  hydrogen  in  precipitation-hardened  alloys  (Inccmel  718,  bicoloy  925).  Again  his 
data  were  shown  to  fit  a  diffusion/trapping  model  under  interface  control. 

Vuious  methods  have  been  proposed  to  decrease  hydrogen  onbrittlement  (2-4). 
However,  it  is  impossible  to  reduce  hydrogenation  of  the  alloy  substrate  to  a  level 
which  provides  die  elimination  of  hydrogen  oacldng  hazards.  However,  it  has  been 
shown  that  undeipotential  deposited  zinc,  lead  and  bismuth  on  different  substrates 
inhibit  the  discharge  of  hydit^en  ions  at  an  iron  substrate  (1 1-18).  It  has  been  shown 
diis  process  is  very  inqiortant  for  corrosion  bdiavior  of  metals  (19),  for  electrocatalytic 
surface  effects  (20),  for  nucleation  and  crystal  growth  (21-22),  and  for  plating  (23). 

The  objective  of  this  work  was  to  estimate  the  effectiveness  of  undeipotential 
deposition  of  Zn,  Pb,  and  Bi  onto  Inconel  718  on  the  reduction  in  die  corrosion  rate 
and  the  degree  of  hydrogenation  ingress.  It  was  expected  diat  these  monolayers  would 
reduce  the  surface  coverage  of  adsorbed  hydrogen  due  to  the  lower  binding  energy  of 
the  hydrogen  adatoms  on  Zn,  Bi  and  Pb  adsorbates  diereby  reducing  the  absorption 
of  hydrogen  into  Inconel  718. 

Eqperimaital 

The  electrochonical  cell  employed  for  diese  studies  was  a  oonvoitional  diree- 
conqiartment  design  widi  contact  between  die  working  electrode  OHiqiaitment  and  die 
reference  electrode  via  a  Luggin  probe.  The  polarization  expoiments  were  carried  out 
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using  Inc(Miel-718  steel  rcMating  disc  electrode  widi  a  geometric  area  of  0.5  cm^.  The 
electrode  was  mechanically  p(dished  to  a  fine  finish,  activated  in  sulfuric  acid,  washed 
widi  ethanol  and  in  doubly  distilled  water. 

Using  die  Devanathan-Stachurski  pomeation  technique  (24),  both  the  rate  of 
hydrogen  absorption  and  penneatirm  through  Inc(»iel-718  was  measured  continuously 
as  a  function  of  time.  The  permeation  rate  dirough  a  thin  membrane  of  die  alloy 
was  measured  by  setting  the  potential  on  die  **diifusion  side**  of  the  membrane  (the 
side  from  which  the  hydrogen  emerges)  at  a  value  which  corresponds  to  a  practically 
zero  concentration  of  absorbed  atomic  hydrogen  on  the  surface.  This  condition  is 
maintained  by  instantaneous  ionization  of  all  hydit^en  atoms  which  have  diffused 
dirough  the  membrane  and  have  emerged  on  the  diffusion  side.  The  measured  current 
is  directly  proportional  to  the  hydrogen  permeation  rate,  which  can  be  measured 
conveniently  with  a  high  (tegree  of  accuracy  and  sensitivity.  These  experiments 
were  carried  out  in  a  system  with  two  worlung  compartments,  separated  by  a  bipolar 
Inconel-718  membrane.  The  Inconel-718  membrane  widi  thickness  of  50/xm  was 
obtained  from  Goodfellow  Corp.  The  alloy  membrane  on  the  cathodic  side  of  the 
cell  was  polarized  potentiostatically,  creating  conditions  for  underpotential  dqiosition 
and  hydrogen  evolution.  The  following  refnence  electrodes  were  used:  in  die  anodic 
compartment  Hg/HgO;  in  the  cathodic  compartment  Hg/HgS04  ot  SCE.  In  the  anodic 
cmiqiartinent  of  die  oeU,  the  membrane  was  polarized  potentiostatically  at  >0.3  V 
vs  Hg^gO  refnence  electrode  and  die  amount  of  oxidized  atomic  hydrogen  was 
immitored  continuously  using  a  chart  recorder.  The  details  of  die  permeation  cell 
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and  the  auxiliaiy  equipment  are  described  by  Suteamayan  (1).  Mor  to  the  pameatira 
expoiments,  the  Inconel-718  mnnbrane  widt  a  diickness  of  0.3  mm  was  mechanically 
polished  to  a  fine  finish,  saturated  widi  hydrogen  in  0.1  M  H2SO4  by  maintaining  for 
10  hours  a  cadiodic  current  density  of  10  mA/cm^.  Then,  the  membrane  was  etdied 
ftM*  20  seconds  in  a  solution  containing  m^yl  alcohol  and  1%  H2SO4,  rinsed  widi 
distilled  water,  dried  in  air  and  fitted  into  die  penneadon  cell.  To  avoid  passivation  or 
dissolution,  the  anodic  side  of  the  membrane  was  coated  with  a  thin  layer  (0.15-0.20 
fim)  of  palladium  by  electrodeposition.  The  deposition  was  carried  out  in  an  electrolyte 
containing  2xl(r^  M  Na2Pd(NC)2)4  using  a  current  density  of  lOO/xA/cm^  for  two 
hours.  Then,  die  electrolyte  was  drained  off,  die  compartment  washed  widi  distilled 
water  and  filled  widi  the  anodic  solution  (0.2M  NaOH),  which  was  preelectrolyzed  for 
at  least  24  hours  in  a  separate  electrolytic  ceil.  In  the  anodic  conqiartment  the  solution 
was  kept  at  -0.3  V  vs  Hg/HgO  reference  electrode  until  the  background  current  was 
reduced  to  less  dian  "iiiPJcrr?.  Then,  die  cathodic  compartment  was  filled  with  the 
sui^iorting  electrolyte  and  the  experiment  was  carried  out  Pre-purified  nitrogen  was 
bubbled  through  bodi  compartments  in  order  to  keqi  free  of  dissolved  oxygen. 

Results  and  IMscassfcm 

Cydk  ^Wtammetry.  According  to  die  coupled  discharge-iecombinatitxi  medi- 
anism  ftv  die  rate  of  hydrogen  evolution  reaction  (25),  a  possibility  exists  for  die 
determination  of  die  differrace  between  hydrogen  atoms  diat  diffuse  in  die  bulk  of 
die  alloy  and  diose  triiich  participate  in  die  molecular  hydrpgen  evolution.  During  die 
electrocrystallizatitm  of  metals  onto  foreign  substrates,  an  underpotential  dqiosititxi 
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with  a  fOTnaticm  of  moooatcmuc  laym  with  a  definite  stnictiire  often  occurs  prior  the 
fonnatkm  of  a  bulk  dqK>sit  (26).  It  can  occur  when  ions  (tf  a  town*  woik-function 
metal  are  in  die  contact  with  a  hi^ier  w(»k  function  metal  (27).  The  undeipotential 
dqiosition  has  been  rqxMted  and  described  to  be  restricted  to  monolayer  or  submono¬ 
layer  deposition.  It  may  be  presumed  dut  a  partial  sutniKHiolayer  of  undeipotentially 
dqxisited  zinc,  bismuth  or  lead  on  die  surface  of  the  alloy  will  inhibit  the  hydro¬ 
gen  reaction  due  to  die  kinetic  limitations  of  the  hydrogen  disdiarge  reaction  on  the 
deposited  mmiolayers. 

An  attempt  was  made  by  using  cyclic  voltammetry  to  test  the  validity  of  this 
presumption.  Zinc  was  deposited  from  electrolyte  containing:  IM  Na2S04,  0.4  M 
NaQ  and  1  M  H3BO3,  pHa4.  The  concentration  of  zinc  the  electrolyte  was  gradually 
increased  from  5x10^  to  0.1  M  and  the  voltammograms  which  were  obtained  at  sweep 
rates  of  vs  ImV/s  and  S(X)  mV/s  are  shown  in  Figure  (1)  and  Figure  (2),  respectively. 
In  both  Hgures,  a  decrease  of  the  hydrogen  evolution  is  observed  when  the  polarization 
was  carried  out  in  the  presence  and  absence  of  zinc  ions  in  the  electrolyte.  When 
starting  the  cathodic  sweep  from  -0.2  V  vs  SCE  a  cathodic  peak  at  -1.150  V  is 
observed  as  shown  in  Figure  (1)  fcv  a  O.IM  Zn(n)n  solution.  The  peak  potential  is 
more  negative  dian  die  Nemst  potential  of  a  zinc  electrode  and  corresponds  to  the 
diffiisitm  controlled  limiting  wave  of  zinc  leducticm.  The  corresponding  stripping 
peak  iqipears  at  -0.9  V  (SCE).  In  Hgure  (2),  die  zinc  dqiosition  peak  firom  for  a 
0.1M  Zn(II)  disq^iears  due  to  die  increased  peak  sqiaration  which  is  obtained  at 
die  hi^r  sweqi  rate.  However,  in  die  anodic  part  of  the  curve  a  well  defined  zinc 
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stripping  and  zinc  destxpdcm  peak  are  observed  in  die  range  between  -l.OV  (SCE)  and 
-0.7V  (SCE)  indicating  diat  zinc  probably  is  undeipotential  dqxisited  cm  Inc(mel-718. 
Since  die  Nernst  potential  of  zinc  electrode  is  by  Es  -1.004  +  0.029  Ig  Pn*^],  where 
is  the  concentration  of  Zn(II)  in  M/L,  die  zinc  dqiositicm  from  die  bulk  of  the 
electrolyte  should  shift  in  cathodic  diiecticm  fcv  lower  concentraticms  of  zinc  ions  in 
the  electrolyte.  This  {dienoinena  is  observed  in  Rgure  (2),  vriiere  the  cone^nding 
stripping  peaks  for  5xl0~^M  Zn*^;  5xl0~^M  Zn*^  and  0.1  M  Zn*^  are  observed  at 
-1.040  V  (SCE),  -0.800  V  (SCE)  and  at  -0.750  V  (SCE),  respectively.  The  amount 
of  chaige  was  determined  fiom  the  area  of  the  desoiption  peaks  for  SxKT^M  Zn*^; 
and  5xl0~^M  Zn*^  and  are:  115  /iC/cm^  and  95  nOcxt?  respectively.  Presuming 
that  the  maximum  coverage  requires  a  chaige  of  Om.«  »  450/iA/cm^  (18),  the  degree 
of  coverage  by  rinc  ($za,  ads)  for  ^  desorptions  peaks  are  0.25  and  0.21  for  Zn*^ 
concentrations,  of  the  first  and  second  respectively. 

Bismuth  deposition  on  Inconel  718  rotating  disc  electrode  was  studied  from 
electrolyte  containing:  0.5  M  HCIO4,  0.25  M  NaCU  at  pHsO.3  and  the  metal  ion 
amcentiation  in  the  range  of  2xl0~^  to  5xl0^M.  The  maximum  concentration  of 
bismudi  ions  in  die  electrolyte  depends  on  the  solubility  product  of  B^Os.  The 
cathodic  sweqi  in  Figure  (3)  starts  at  0.2  V  vs  SCE,  die  vertex  potential  is  at  -0.5  V, 
and  die  scan  rads  at  0.4  V  (SCE).  In  the  presence  of  bismudi  ions  in  die  electrolyte, 
a  well  defined  cadiodic  peak  is  observed  at  -0.150  V  vs  SCE.  Since  the  steady-state 
limiting  current  coneqxmding  to  die  deposition  of  bulk  bismuth  metals  from  2xlO~^M 
solution  cf  Bi*^^  has  a  half-wave  potential  of  -0.1  V  (SCE),  die  observed  process  at 
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-0.150  V  vs  SCE  ooneqxMids  to  Ac  deposition  of  bulk  bismutii  metal.  The  integrated 
area  under  die  catiiodic  peaks  increase  witii  the  increase  of  bismutii  icm  concentration 
and  are :  75  /iQcm^,  130  /lOcm^,  and  230  /iCVcm^  oraqaited  for  5xlO^^M,  2xl0~*M 
and  5xlO^M  respectively.  According  to  Cadle  et  al.  (17),  a  plot  of  the  bismuth 
convective  difiiisicMi  current  measured  tm  platinum  in  0.12  M  perchloric  solutions  at 
-0.2  V  vs  SCE  vs.  (tiie  square  root  of  the  angular  velocity  of  the  electrode)  is 
linear.  Using  the  Newman  version  of  tiie  Levidi  equation,  tiie  slope  of  the  Levich 
plot  at  this  potential  gives  a  value  of  5.5  xlO^  cm^/s  for  the  diffusion  coefficient  of 
bismutii  ions.  The  small  positive  non-zero  intercept  observed  was  attributed  to  the 
hydix^en  dischaige  current  In  the  anodic  branch  of  tiie  curve,  two  stripping  peaks  are 
observed.  The  first  anodic  peak  ctmesponds  U>  tiie  oxidation  of  bismutii,  previously 
deposited  by  the  convective-diffiision  controlled  limiting  wave  for  bismuth  reductitxi. 
As  it  was  expected,  according  to  the  Nemst  behavior  of  bismutii  electrode,  the  bismuth 
stripping  peak  in  Figure  (3)  shifts  in  the  positive  direction  witii  the  increase  of  bismuth 
ion  concentraticui  in  the  electrolyte.  The  amount  of  the  charge  under  the  peaks  also 
increases  with  the  increase  of  tiie  concentratiixi  of  B^^qiecies  in  the  solution  and  are: 
200  iiAJcn?\  KXX)  /tA/cm^;  and  2000  nA/ctc?  for  5xlO^^M,  2xl0~*M  and  5xl0^M 
Bi*^^,  respectively.  The  initial  Bi*^^  reduction  occurs  probably  simultaneously  witii 
tile  reducti(»  of  the  oxitfe  present  <m  Inconel-718  surface  and  presumably  Bi(0) 
is  dqxisited  on  a  reduced  surface  as  in  tiie  case  of  nported  dqiosititm  of  Bi*^^  on 
platinum  electrode  (17).  If  tiie  Inct»iel-718  rotating  disc  electrode  is  potentiostated 
at  any  potential  between  40.25  V  and  -0.1  V  (SCE)  in  a  5x10“^  Bi'^^  sohititm,  tiie 
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reduction  cunent  firom  85  /lA/cm^  falls  to  zero  witiiin  90  seconds.  Probably,  tiie 
current  between  40.25  V  and  -0.1  V  (SCE)  and  the  small  maximum  in  Hgure  (3), 
observed  prior  tiie  bismutii  deposition  peak  frmn  the  bulk,  reflects  the  simuhanemis 
adsorption  cf  bismutii  and  hydrogen  and  cmresponds  to  tiie  underpotential  deposited 
Bi(0).  Omsequently,  the  second  anodic  peak  sriiich  appears  at  4  0.2  V  vs  SCE  should 
correspond  to  tiie  stripping  peak  of  the  underpotentially  dqiosited  Bi.  Similar  results 
were  obtained  by  Cadle  et  al.  (17),  who  studied  the  reduction  of  bismuth  on  platinum 
using  ring  disc  electrode.  Acouxling  to  tiieir  study,  current-potential  curves  of  Bi*^^ 
in  0.12M  perchloric  acid  show  three  reductim  processes  in  the  cathodic  potential  scan 
and  several  oxidation  {nocesses  in  the  anodic  scan.  The  cathodic  processes  were  found 
to  represent  the  reduction  of  adsorbed  bismuth,  reduction  of  bismuth  at  underpotential 
and  the  convective  >  diffusion  controlled  limiting  wave  for  bismutii  reduction.  The 
anodic  processes  were  explained  as  the  oxidation  of  the  bulk  bismuth,  the  oxidation 
of  surface  layers  of  bismuth  and  oxidation  of  underpotential  bismuth. 

Figure  (4)  shows  potentiodynamic  curves  obtained  at  different  reverse  potentials 
starting  from  0.0  V  (SCE).  The  vertex  potentials  of  -0.350  and  -0.400  V  (SCE) 
w«e  diosen  in  order  to  avoid  the  hydrogen  evolution  reaction.  The  area  under  the 
second  anodic  peak  is  7(X)  nfJca?  and  corte^nds  qiproximately  to  a  close  packed 
monolayer  of  Bi(0)  (17).  Probably  botii  tiie  underpotential  submonolayer  of  Bi(0)  and 
tiie  monolayer  of  Bi(0)  are  oxidized  at  tiie  secmid  anodic  peak  in  Figure  (4).  They 
are  dqxisited  bdore  any  of  tiie  Bi(0)  strif^ied  at  the  first  anodic  peak  in  Figure  (3)  is 
plated  oa  tiie  electrode.  The  same  {tiienomena  was  observed  by  Cadle  et  al.  (17)  for 
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die  deposition  of  bismudi  on  platinum.  On  platinum  it  is  also  known  (28)  diat  two 
nxmolayers  of  or  silver  must  be  dqxisited  before  any  behavior  characteristics 
of  tbe  plating  m^  can  be  obsoved. 

Cyclic  voltammetiy  was  also  used  to  stutty  die  lead  deposition  on  Inconel-718 
alloy  rotating  disc  electrode  from  perchlorate  solutions.  CV  curves  obtained  in  the 
absence  and  presence  of  lead  in  die  supporting  electrolyte  are  given  in  Figure  (S). 
When  starting  the  cathodic  sweep  at  40.050  V  (SCE)  only  peaks  on  the  anodic  part 
of  die  polarization  curve  are  observed.  Since,  the  Nemst  potential  of  lead  electrode. 
E=  -0.368  +  0.029  Ig  (5x10^)  =  -  0.45  V  vs  SCE,  the  stripping  peak  at  -0.4V  vs 
SCE  corresponds  to  dissolution  of  the  bulk  (kposited  lead.  As  seen  in  Figure  (5), 
the  peak  height  at  -0.45  V  (SCE)  increases  with  the  increase  of  lead  concentration 
in  the  electrolyte  indicating  again  that  the  peak  is  related  to  the  bulk  lead  deposition. 
The  second  anodic  peak  probably  can  be  attributed  to  the  lead  desorption  peak  of  the 
underpotential  deposited  lead  in  the  potential  range  between  -0.2V  (SCE)  and  -0.350V 
(SCE).  The  amount  of  charge  of  the  deposited  mmiolayer  was  computed  from  the  area 
of  the  desorption  peak  and  is  (^5  nCJcxi?.  Assuming  that  the  maximum  coverage  of 
Pb  adatoms  requires  a  diarge  of  Qmax-  S(X)  nOca?  (16,29),  die  degree  of  coverage 
by  lead  is  ds0.19.  In  Figure  (6),  the  anodic  peaks  were  analyzed  for  different  reverse 
potentials.  Data  are  not  available  for  die  work-function  values  of  Inconel-?  18  in  order 
to  evaluate  die  diemetical  conditimis  for  die  occurrence  of  underpotential  deposition 
of  lead.  However,  underpotential  dqwsition  of  lead  on  platinum  was  verify  by  Cadle 
et  al.  (29)  to  occur  at  potentials  ranging  from  -0.3  to  40  J  Vvs  SCE.  Cadle  et  al.  (29) 
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also  reported  the  inhibiting  effect  of  undeipotendal  deposited  lead  on  the  adscnption 
process  of  hydrogen  at  the  metal  substrate.  Undopotential  deposition  of  Pb*^^  is 
invdted  by  LafranoMiy  et  al.  (16)  as  an  explanatitm  of  tte  inhibition  of  die  reaction 
step  involving  die  adsmption  step  of  hydrogen  discharge  on  stainless  steel  alloy. 

In  Figure  (6),  die  anodic  peaks  woe  analyzed  for  diffaent  reverse  potentials. 
Since  m(»e  lead  is  deposited  at  higher  cathodic  overpotentials,  the  lead  stripping  peak 
increases  with  the  shift  of  the  reverse  potendal  in  the  cathodic  direcdon. 

Polarization  Measnrements-lVitentiodynamic  Studies.  Cathodic  polarizadon 
curves  are  shown  in  Fifgure  (7)  for  hydrogen  evoludon  reacdon  on  bare  Inconel- 
718  alloy  ftom  an  electrolyte  containing:  iM  Na2S04  +  0.4  M  NaCI  and  IM  H3BO3 
at  pHs4  and  on  Inconel-718  alloy  predeposited  with  IZn  from  the  same  suppordng 
electrolyte  in  which  5xl(r*M  Zn*^  ions  are  added.  In  order  to  deposit  zinc,  the  rotadng 
disc  electrodes  (areasO.5  cm^)  were  held  at  fixed  cathodic  current  for  a  different 
periods  of  time  to  ensure  that  Zn  was  deposited  on  the  surface.  Various  coverages 
were  obtained  by  trial  and  error  by  inlying  a  wide  range  of  current  densides.  Thus, 
the  range  of  current  densides  over  which  the  addidve  deposition  from  the  bulk  of 
die  electrolyte  occurs  was  determined.  Tlien  currents,  below  the  hipest  current  at 
which  underpotendal  occurs  were  used  to  obtain  different  surface  coverages.  The 
anxHint  of  diarge  required  for  monolayer  dqiosidon  was  determined  by  the  area  of 
die  adsorpdon-desoipdon  peaks  observed  in  the  potendodynamic  studies. 

As  shown  in  Figure  (7),  in  the  absence  of  ^c,  a  linear  repon  widi  a  Tafel  slope 
of  125  mV  which  coneqxmds  to  ac«0.42  was  obtained  indicating  activation  control 
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of  h.e.r.  in  the  potential  region  between  -^.450  and  -0.720  V  vs  SCE.  The  conosion 
currents  were  obtained  from  the  intersection  of  the  cathodic  Tafel  line  and  the  corrosion 
potential.  A  value  of  1 1.4xl0~^  AJca?  was  (4>tained  for  the  corrosion  current  of  bare 
lnconle-718.  Figure  (7),  also  shows  the  shape  of  Tafel  plots  obtained  for  different 
for  different  degrees  of  surface  covoages  by  zinc.  The  presence  of  zinc  on  the  alloy 
surface  inhibited  the  hydrogen  evolution  reaction  with  die  increase  of  Tafel  slope  from 
130  mV  to  140  mV,  0=0.41  and  corrosion  ament  of  8.5x10^  Aicxt?.  As  seen  in 
Figure  (8),  the  curve  obtained  at  -0.590  V  (SCE),  the  hydrogen  discharge  currents  on 
Inconel-718  alloy  surface  with  deposited  submonolayers  of  zinc  is  reduced  by  70% 
compared  with  hydrogen  discharge  currents  obtained  for  bare  Inconel.  In  the  case 
of  Inconel-718,  no  zinc  deposition  could  be  thermodynamically  probable  under  the 
experimental  conditions.  The  standard  potential  for  the  reaction  2;n'^^  •f2e  =  Zn  is 
-1.004  V  (SCE).  Since  Etev*-1.004  40.029  Ig  when  Zn+2  is  5x10-*  M,  then 
^revZn*^/Zn  ~  -1*102V  VS  SCE  which  is  more  negative  potential  than  the  corrosion 
potential  of  the  Inconel-718  [Ecoir^  -0.420  V  (SCE)].  Thus,  the  possibility  of  zinc 
pladng  from  the  bulk  of  the  solution  was  excluded.  The  absence  of  zinc  plating  on 
the  alloy  surface  indicates  that  probably  underpOential  deposition  of  zinc  influences 
die  kinetics  of  the  hydrogen  evolution  reaction. 

The  evolution  of  hydrogen  was  also  studied  potentiodynamically  on  Inconel-718 
rotating  disc  electrode  treated  widi  Bi  from  electrolyte  containing  Sxl0~^M  Bi203  4- 
OJM  HGO4  and  0.25M  NaC104.  Figure  (9)  shows  die  Tafel  slopes  obtained  for 
two  different  dqiosititms  currents  and  subsequendy  for  different  degree  of  surface 
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coverage  by  bismuth.  In  absence  of  bismudi  in  die  supporting  electrolyte  a  linear 
region  of  E  vs  log  (i)  was  observed  widi  a  Tafel  sl(^  of  12S  mV.  The  presence  of 
Bi  in  die  electrolyte  decreases  the  hydrogen  evoludrm  rate  with  Tafel  slope  of  135 
mV.  A  value  of  9x10^ A/cm^  was  obtained  for  the  corrosion  current  for  bare  Inconel 
->718.  In  the  presence  Bi  adatoms  a  decrease  of  the  corrosion  current  was  observed 
with  a  value  of  1.6  xl(r*A/cm^. 

The  dependence  of  the  hydrogen  evolution  current  upon  the  predeposition  current 
at  which  the  bismuth  monolayer  was  deposited  is  given  in  Figure  (10).  According  to 
the  Hatfl  presented  in  this  Figure,  the  bismuth  adatoms  on  the  alloy  surface  reduce  the 
hydrogen  discharge  current  by  65%. 

Figure  (11)  shows  polarization  curves  obtained  on  bare  Inconel-718  rotating 
disc  electrodes  in  the  electrolyte  containing  :  0.5M  HCIO4  and  0.25M  NaC104 
and  polarization  curves  obtained  on  rotating  Inconel-718  disc  electrodes  on  which 
monolayer  of  lead  was  predeposited  from  lead  containing  electrolytes  (2xl0~^m  Pb*^^ 
using  three  different  depositions  currents.  The  presence  of  lead  adatoms  on  the  alloy 
surface  at  the  potential  range  between  -0.2  V  (SCE)  and  -  O.OIOV  (SCE),  inhibited 
the  h.e.r.  The  linear  part  of  the  polarization  curve  has  a  slope  of  135  mV  and  Qc=0.47. 
The  corrosion  currents  in  the  absence  and  presence  of  lead  adatoms  on  the  alloy  surface 
are:  9xlO^A/cm*  and  5xlO^A/cm^,  respectively. 

The  standard  potential  E°  for  the  reaction  Pb^'^  +2e  Pb,  is  -0.368  (SCE).  Since 
®iev  Pb**/Pb  *  **■  0.0295  log  ap^«j,  when  (Pb+^J  is  2xlO"^M,  then 

is  -0.448V  (SCE),  which  is  less  noble  dian  the  corrosion  potential  of  Inconel-718. 
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Accordingly,  die  lead  deposition  from  the  bulk  of  the  electrolyte  under  the  conditions 
at  which  die  eiqieriiiients  were  carried  out  was  excluded. 

As  shown  in  Rgure  (12),  die  hydrogen  evolution  current,  coopted  at  -O.ISOV, 
(SCE)  and  at  -O.OSOV  (SCE)  as  a  function  of  die  predqiosition  current,  is  reduced  by 
63%  and  61%,  reflectively.  Tafel  curves  obtained  <m  hicraiel-718  with  bulk  deposited 
lead  using  differrat  deposition  currents  for  a  period  of  seven  minutes  are  presented  in 
Figure  (13).  In  the  presence  of  bulk  deposited  lead  the  polarization  behavior  drastically 
changes.  The  corrosion  potential  Aom  a  value  of  -O.OSOV  (SCE)  in  die  presence 
of  adatoms  [Figure  (12)]  shifts  in  cathodic  direction  to  a  value  of  -0.425V,  (SCE) 
when  the  lead  is  deposited  conventionally.  The  bulk  deposited  lead  also  increases  the 
corrosion  current  to  a  value  of  1 15/iA/cm^,  with  a  Tafel  slope  of  1  ISmV  and  a=0.51. 

The  hydrogen  evolution  reaction  has  been  widely  studied  and  mainly  two  basic 
mechanism  have  been  accepted  (30).  The  recombination  mechanism  expressed  as: 


(1) 

MH^,  +  MHads  ►->  2M  +  ^2  (2) 

and  the  electrochemical  desorption  mechanism: 

M  +  H-^  +  e-i^MHad,  (3) 

MH^,  +  +  e  w  ^2  +  (4) 
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According  to  Bockris  et  al.  (25)  and  McBrccn  et  al.  (31),  die  hydrogen  evolution 
reaction  in  acidic  electrolytes  is  determined  die  coupled  disdiaige-reccmibination 
mechanism.  Assuming  the  Langmuir  adsorj^on  isodierm,  theoretically  die  dischaige- 
recombinadon  mechanism  is  released  at  low  degree  of  surface  coverage  by  atomic 
hydrogen  (0<O.l).  The  current-potradal  relationships  obtained  in  diis  study  in  die 
presence  of  subrnmiolayers  of  zinc,  bismudi  and  lead  (m  Inconel-718  diowed  slopes 
in  the  range  of  b=120  mV  to  130  mV  ^ch  corresponds  to  diagnostic  crite¬ 
ria  indicating  diat  die  hydrogen  evolution  reaction  occurs  via  a  coupled  discharge- 
recombination.  mechanism.  This  mechanism  involves  Hadt  species  and  enhances  die 
role  of  the  hydrogen  adsorption  on  the  ovoall  h.e.r.  According  to  our  study  the  ob¬ 
served  reduction  of  the  corrosion  rate  and  die  inhibition  of  the  hydrogen  discharge 
current  results  from  the  presence  of  underpotential  deposited  Zn,  Bi  or  Fb.  The  un- 
derpotential  deposited  Zn,  Bi  and  Pb  inhibit  the  h.e.r.  by  increasing  the  hydrogen 
overvoltage  and  suppressing  the  hydrogen  absorption  due  to  the  lower  binding  energy 
of  the  hydrogen  adatoms  on  Pb,  Bi  and  Zn  adsorbates  (11-19). 

Hydrogen  Permeation  Studies.  When  carrying  out  experiments  with  a  bipolar 
membrane,  the  steady  sate  rate  of  hydrc^en  penetration  in  a  diffusion  mode  can  be 
{resented  by  die  following  equations  oireined  for  two  tyjncal  boundary  conditions: 
(1)  in  die  case  when  the  hydrogen  concmitration  at  die  entry  side  of  the  membrane 
is  cmistant  (30); 

4*~k  =  1  +  2  V  (-l)"e*p(-n  W)  (5) 

Job  Jo 
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(2)  in  the  case  whra  die  flux  of  the  hydrogen  entering  the  monbrane  is  cmistant  (30); 


ji-jo 

Joo  Jo 


A  * 


(-1)* 
(2n  +  l) 


txp 


{■ 


(2n  +  l)^ir^T 

4 


} 


(6) 


wbertji  B  tiansiticMi  hydrogen  permeadtm  current  density;  jo*  initial  hydrogen  perme- 
ati(»i  current  density  (may  or  may  not  be  zero);  joo*  steady  state  hydrogen  permeation 
current  density. 


In  the  preliminary  experiments,  the  hydro^n  permeation  transients  woe  obtained 
in  supporting  electrolyte  containing:  IM  Na2S0440.4M  NaCH  +1X4  H3BO3  in  the 
imsence  and  absence  of  5xl(r^X4  Hie  permeatimi  transients  as  a  function  of 
time  arc  presented  in  Figure  (14).  The  diffusion  of  hydrogen  flirou^  the  Inconel>718 
membrane  was  calculated  [by  using  the  data  at  Ec3M).690  V  (SCE)]  to  be  3.2xlO~’’ 
cm^/s.  Similar  results  for  the  diffiisivity  were  obtained  by  Robertson  et  al  (32)  for  Fe- 
Ni  alloys.  In  Figure  (15),  the  hydrogen  permeatiem  current  density  vs  the  dimensicmless 
time  T  and  the  theoretical  solutions  for  die  two  typcal  boundary  conditions  given 
above  are  presented  for  comparison  with  the  experimental  results  shown  in  Figure  14). 
The  results  obtained  for  Inconel-718  memlHane  indicate  diat  the  hydrogen  permeation 
transients  are  approaching  the  dieoretical  curve  obtained  by  using  boundary  conditions 
in  which  die  hydrogen  concentradon  at  die  oitry  side  of  die  menibrane  is  constant. 
These  results  agree  widi  those  obtained  t^Arcbo’etal.  (33)  adio  studied  die  hydrogen 
permeatitm  dirough  a  nickel  membrane. 

As  shown  in  our  polarization  studies,  monolayer  coverage  of  Zn,  Bi  and  Pb 
adatoms  on  Inccniel-718  rotating  disc  electrode  cause  a  suppression  of  hydrogen 
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adsoipticm  by  changing  chemically  die  surface  without  altering  die  medianical 
physical  properties  of  the  substrate,  bi  ocder  to  investigate  if  any  inhibition  of  die 
hydrogen  permeation  current  occurs  in  the  presence  of  die  additives,  die  hydrogen 
permeation  experiments  were  carried  out  in  die  presence  of  Zd*\  Bi'*’^  and  Pb*^^ 
using  in  the  cadiodic  compartment  the  same  supporting  electrolytes  as  diose  used 
in  the  polarization  studies.  Since  our  potentiodynamic  studies  indicated  that  die  Zn 
undeipotential  dqxisititxi  occurs  at  -1.0  V  (SCE),  the  permeaticm  experiments  in  the 
presence  of  0.1  M  Zn'^^  ions  were  carried  out  at  the  same  potential.  The  resulting 
hydrogen  permeation  transients  are  plotted  in  Figure  (14).  According  to  data  presented 
in  this  Figure,  the  steady  state  hydrogen  flux  is  reduced  from  0.82  nA/cn?  to  0.51 
fiA/ar?  (a  decrease  of  about  38%).  This  is  partially  due  to  die  observed  decrease  of  the 
steady  state  discharge  current  density  (decreases  from  0.48  mA/cm^  to  0.21  mA/cm^). 

The  hydrogen  permeation  dirou^  Inconel-718  memlmne  was  also  studied  in  die 
presence  of  Bi*^^  and  Pb*^^  in  the  supporting  electrolyte  containing  0.5  M  HCIO4  and 
0.25M  NaQ04.  In  mder  to  avoid  the  bulk  depositirxi  of  Bi  and  Pb  on  the  Liconel-718 
substrate,  the  depositicm  was  carried  out  at  potentials  which  ate  more  anodic  than  the 
reversible  potentials  of  bismuth  and  lead.  The  resulting  hydrogmi  permeatimi  transients 
obtained  in  die  presrace  and  absence  of  bismudi  (5xl(r*M  Bi'*'^)  and  lead  (2xl(r^)  are 
shown  in  Figure  (16).  lii  Hguie  (17),  die  hydrogra  pnmeation  ourent  confuted  flrom 
the  dieotetical  soluticHis  of  die  tyirical  boundary  conditions  for  hydrogra  permeation 
ate  presented  for  comparison  widi  the  results  obtained  experimentally  as  a  function  of 
the  dimensi(»less  time  r.  In  die  presmice  cf  bismudi  and  lead  ions  in  the  suppmting 
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dectiDlyte,  the  steady  state  hydrogen  flux  is  reduced  by  76%  and  68%,  ieq)ectively. 


Iyer  et  al.  (34>3S)  devdoped  a  medianistic  modd  [I-P-Z  model]  uiudi  considm 
the  effect  cf  hydrogen  entry  into  a  metd  on  the  kinetics  of  the  hydrogra  evduti<» 
reaction  Using  dus  model  to  describe  die  permeation  transients  in  die  presence 

and  absence  of  additives  in  supporting  electrolyte,  one  obtains: 


(7) 


(8) 


where  joo  s  steady  state  hydrc^en  permeaticm  current  density,  1  and  2  denotes  absence 
and  the  presence  of  the  additives;  k"  is  diickness  dqiendent  absorption-adsorption 
constant,  b^L/FD,  Ls  the  membrane  thickness,  Ds  hydrogen  diffusicm  coeffident;  ks 
is  a  recombination  rate  constant  and  ir  is  hydrogen  rectunbination  current  Dividing 
die  equations,  (me  obtains: 

(9) 


Acctnding  to  Equation  (9),  the  hydrogen  permeation  flux  may  be  reduced  due  to: 
(I)  die  changes  of  die  surface  properties,  m.,  the  increase  of  die  hydrogoi  reccunbi- 
naticm  rate  constant  (ka)  or  (2)  by  decreasing  die  absoipticm-adsoipticm  constant  k". 
Our  objective  was  to  use  additives  to  modify  die  surface  in  order  to  adiieve  favcw- 
able  dianges  and  to  reduce  die  hydrogen  pomeation  flux.  Furtho-  woric  which  will 
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clarify  lint  contributioii  die  alloy  surface  propeities  sudi  as  die  hydrogen  lecom- 
tunadiMi  constant  and  die  disoipdon-adsocptim  constant  [when  zinc,  bismudi  or  lead 
are  undeipotentially  deposited]  on  die  hydrogen  penneation  is  in  progress. 

CnnditsioD 

Trfel  and  linear  sweqi  vohammetry  were  used  to  study  die  hydrogen  disdiarge  on 
Inc(Hiel-718  widi  deposited  sutnnonolayers  of  zinc,  bismudi  and  lead.  The  inhibition 
of  hydrogen  evolution  reaction  is  explained  by  a  supfxession  of  hydrogen  absorption 
due  to  die  lower  binding  oieigy  of  the  hydrogen  adatoms  (hi  Zn,  Pb  and  Bi  adscnbates. 
As  a  consequence  of  the  suppressed  hydrogen  abscnption,  die  hydrogen  penetraticm 
decreases  in  the  bulk  of  the  alloy. 
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Hgnre  C^ptioiis 


Hgure  (1)  Potratkxfynamic  curves  obttined  oo  Incoiiel-718  rotating  disc 
electrode  for  different  concentrations  ci  2a*\  Sweep  rate,  vkI  mV/s. 

Hgure  (2)  Potentiodynamic  curves  obtained  on  Inconel-718  rotating  disc 
electrode  for  different  auKentrations  of  Zui*^.  Sweep  rate,  vs;500mV/s. 

Figure  (3)  Potentiodynamic  curves  obtained  (m  lnconel-718  rotating  disc 
electrode  for  different  cmicentrations  ef  Sweep  rate,  vslOOmV/s. 

Hgure  (4)  Potentiodynamic  curves  obtained  on  Inconel-718  relating  disc 
electrode  at  different  vertex  potentials.  Sx1(HM.  Sweq>  rate,  vslOQmV/s. 

Hgure  (S)  Potentiodynamic  curves  drained  on  Inconel-718  rotating  disc 
electrode  for  different  concentrations.  Sweep  rate,  vslOQmV/s 

Hgure  (ti)  Potoitiodynamic  curves  obtained  on  focoael-718  rotating  disc 
electrode  at  different  vertex  potentials.  Sweqp  rate,  v«100mV/s,  2xl(r^M. 

Hgure  (7)  Polarizatitm  curves  obtained  on  bare  &iconel-718  rotating  disc 
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electrode  from  n^tpocting  electrolyte:  IM  Ni^SO440.4M  NaG  •i-  IM  H3BO3 
at  pHa4  and  oo  zinc  piedqwsited  dectrode  from  suppoiting  etoctrolyte 
containing  SxlCTM  2a*^.  Sweq>  rate,  vslmV/s. 

Rgure  (8)  Dqiendoice  of  hydrogen  evolution  current  computed  at  two 
different  tpphed  potentials  uptm  die  zinc  piedepositimi  current. 

Figure  (9)  Polarizadon  curves  obtained  tm  Inconel-718  rotating  disc  electrode 
cm  which  bismudi  was  deposited  using  different  predqiosition  currents  from 
electrolyte  ccmtaining:  0.5  M  HQO4  •I-  0.2SM  NaG04  -f  Sxlff^M  Bi'^^. 
Sweep  rate,  vslmV/s. 

Rgure  (10)  Dependence  of  hydrc^en  evoluticm  current  ccmqmted  at  -0.7SV 
(SCE)  upon  the  bismudi  fuedqiositicm  current 

Figure  (11)  Polarizadon  curves  obtained  cm  bare  lnc(mel-718  rotating  disc 
electrode  from  electrolyte  containing:  05M  HQO4  -f  0.2SM  NaG04 
and  cm  etoctrodes  widi  piedqxisited  monolayers  of  lead  ftran  electrolyte 
oontainiiig  2xlO^^M  Fb'^^,Sweq>  rate,  welmV/s. 

Hgure  (12)  Dependence  of  hydrogra  evoludcm  coirnit  confuted  at  -O.ISOV 
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(SCE)  and  at  -O.OfiV  (SCE)  as  a  function  of  die  predepositicm  cuirent 
Cpj,***  2xlO-*M. 


Hgure  (13)  Ttfel  plots  obtained  on  IncoDel>718  rotating  disc  electrode  witii 
bulk  dqx)sitBd  lead. 

Rgure  (14)  Hydrogen  permeation  transients  as  a  function  of  time  obtained  in 
suppcuting  electrolyte  containing:  IM  N^S04  4-  0.4M  NaQ  ■¥  IM  H3BO3 
in  the  presence  and  absence  of  5xlO^M 

Hgure  (15)  Computed  and  experimentally  measured  hydrogen  permeation 
current  as  a  function  of  the  dimensionless  time  r. 

Hgure  (16)  Hydrogen  permeatitm  transients  as  a  function  of  time  obtained  in 
suppcffting  electrolyte  containing:  0.5M  HO04-f  0.25M  NaC304  in  the  presence 
and  absence  of  lead  and  bismuth  ions  in  the  electrolyte. 

Rgure  (17)  Om^xited  and  experimentally  measured  hydrogen  perroeatitm 
transioits  as  a  function  of  die  dimensioiiless  time  r. 
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LM  of  Symbob 


assF/RT,  (V)-* 
b«U(FDH).  (Acmr*)) 

D  B  hydrogen  diffusion  coefficient,  (cin^  s"* 

F  s  Faraday  ccxistant,  96.500  C  (g-eqT* 

L  B  membrane  diickness.  (m) 

*0  B  exchange  current  density.  (A  cmr^). 

*0  *  rife’ 

ji  B  transition  hydrogen  permeation  current  density.  (A  cm~^) 

jo  B  initial  hydrogen  permeation  currrat  density.  (A  cm~^) 

joo  s  steady  state  hydrogen  permeation  current  density.  (A  cm~^) 

kabs  -  absorption  rate  constant,  [mol  (cm^s)***] 

koit  -  adsorption  rate  constant,  (cm  s~’) 

ka  B  recmnbination  rate  constant,  [mol  (cm^sr’] 

k”  B  thickness  dependent  absorption-adscaptitm  cmistant,  (mol  cm~^). 

Gredt  Symbols 

a  B  transfCT  coefficient,  dimensionless 

^  hydrogen  surface  covoage,  dimensionless 
17  B  overvoltage.  (V). 
r  B  t  D/L^  «  dimrasiooless  time 


24 


1.  P.  Subnunanyan  in  Cim^remheHMive  nwatlse  »f  Eleeiroehatistiy,  J.  O’M. 
Bockris,  Brian  E.  Ccnway,  Ernest  Yeago*  and  Raliri)  E.  White.  Eds.,  4,  411, 
Ploaum  Press,  New  Y(»k.  (1981). 

2.  S.  Bagaev  and  K.  Pedan  and  V.  Kudijavtsev,  ZatshtUa  MetaUov,  19, 968  (1S183). 

3.  V.  Kudryatsev,  K.  Pedan,  H.  Baibashkina  and  S.  Vagramjan,  iUd,  9, 161,  (1973). 

4.  W.  Beck,  J.  Jankowski,  P.  Fisher,  S.  Williams  and  H.  Bowen,  Report  NADC-MA- 
7140,  New  York,  560.  (1971). 

5.  J.  P.  Hirth,  hieatt,  Thuu.  IIA,  861,  (1980). 

6.  R.  A.  Oriani,  Rev.  Mater.  SeL,  8,  327,  (1978). 

7.  J,  J.  ReiUy,  Z.  PAys.  C»em.,117.  655,  (1979). 

8.  A.  J.  Kumnick  and  H.  H.  Johnson,  MeaO.  Jhms.,  6A,  1087,  (1975). 

9.  B.  G.  Pound,  Corrrosion,  45,  18,  (1989). 

10.  B.  G.  Pound,  Aeta  MeUUL  38.  2373,  (1990) 

11.  D.  M.  Drazic  and  L.  Z.  Vtnki^ic,  Cmrosion  Science,  18,  907,  (1978). 

12.  A.  Despic  and  M.  Pavlovic,  Elutnchim.  Acta,  27,  1539,  (1982). 

13.  K.  Juttner,  Werlcst.  Karros.,  31,  358,  ((1980). 

14.  A.  M.  Abd  El  Halim,  K.  Juttner  and  W.  J.  Lorenz,  J.  EkctroanaL  Chem.,  106, 
193,  (1980). 

15.  N.  Faniya  and  S.  Motoo,  IMd,  70, 165,  (1976);  78.  243  (1977);  88. 151,  (1978). 

16.  G.  Lafranccmi,  F.  Mazza,  E.  Sivioi  and  S.  Torchio,  Corrosion  Scieence,  18, 617, 
(1978). 


2S 


17.  S.  H.  Cadk  and  S.  Bnickenstein,  AmoL  Cham,,  43,  1858,  (1971). 

18.  V.  Kudfyavtsev.  K.  Pedan  and  S.  Bagaev,  J,  EUetnmdL  Cham.,  248,  421, 
(1988). 

19.  K.  Juttner  and  W.  Lorenc,  J.  Phys.  Cham.  122,  163,  (1980). 

20.  R.  Adzic,  D.  Simic,  A.  Despic  and  D.  Drazic,  J.  EUctroamaL  Cham.  65,  S87, 
(1975). 

21.  A.  Bewick,  J.  Jovicevic  and  B.  Tomas,  Faraday  Sym^.  Cham.  Soe.l2, 24,  (1977). 

22.  N.  Pangarov,  Eteetroehum.  AetaM,  763,  (1983). 

23.  M.  Nicol  and  H.  Philip,  J.  BeetroamaL  Cktm.1^,  233,  (1976). 

24.  M.  A.  V.  Devanadian  and  L.  Strachurski,  Proc.  R.  Soe.  Lomdom  Ser,  A  270, 
90,  (1962). 

25.  J.  O’M  Bockris,  J.  McBreen  and  L.  Nanis,  J.  EUetrocham.  Soe.,  112,  1027, 
(1965). 

26.  D.  M.  Kolb,  M.  Przasnyski  and  H.  Gerisber,  J.  ElecIroamaL  Cham.33,  351, 
(1971). 

27.  S.  Trasati,  J.  Physik.  Cham.  75,  1,  (1975). 

28.  G.  Kumar,  J.  R.  Blackbuni,  R  G.  Albrit^,  W.  E.  Moddeman  and  M.  M.  Jones, 
Imorg.  Cham.ll,  296  (1972). 

29.  S.  H.  Cadle  and  S.  Bnickenstein,  AmaL  Cham.  11,  1858  (1971). 

30.  N.  Boes  and  H.  Zimmer,  /.  Las-Coaumom  Metdb,  49,  223  (1976). 

31.  J.  McBreen  and  A.  M.  Goishow,  Pnc.  Coitf.  FmmdAMpeets  of  Stress  Conosiom 
Cnekimg,  NACE,  Columbus,  OH,  51  (1969) 


26 


32.  W.  M.  Robertson.  MetaU.  Thuu.  lOA,  489.  (1979). 

33.  M.  D.  Archer  and  N.  C.  Grant,  Jt  Soe.  Land.,  A39S,  165  (1984). 

34.  R.  N.  Iyer.  H.  W.  Pickering  and  M.  Zamanzadeh.  J.  Eleetroehem.  Soc.,  136, 
2463.  (1989). 

35.  R.  N.  Iyer,  H.  W.  Pickering  and  M.  Zamanzadeh,  Serbia  Metallurgical  22, 91 1, 
(1988). 


27 


i(mA/cm*) 


20.0 


E(mV)  v.s.  SCE 


\ 


Figure  1 


i(mA/c 


Figure  2 


.0  -600.0 
lV)  V.S.  SCE 


600.0 


-400 


(jUio/vui)} 


Figure  3 


i(mA/cm*) 


E(niV)  v-s  SCE 


V 


Figure  4 


i(mA/cm*) 


I 


£(znV)  v.s.  SCE 


V 


Figure  5 


i(mA/cm*) 


E(2nV)  y.s,  SCE 


Figure  6 


Figure  8 


10® 


(/xA/cm*)  at  E=-75mV 


Figure  10 


E(mV)  V.8.  SCE 


i(/xA/cni*) 


Figure  11 


(/xA/cm®) 


E(mV)  V.S.  SCE 


Permeation  teurrent  den8ity(j[^A/cm*) 


Figure  14 


T(=t»D/L®) 


Figure  15 


T(=t*D/L*)  V 


Figure  16 


Permeation  current  density(/xA/cm*) 


Time  (hour) 


Figure  17 


